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Landfills produce hydrogen sulfide (H2S), an odorous compound that can be a nuisance 
and danger to public. Biological treatment, in particular bio-trickling filters, is a method 
for controlling H2S emissions but startup costs can be costly. The goal of this study is to 
provide a low-cost method for improving environmental air quality in Nebraska through 
an odor control device. This study determined that the Loup Central Landfill located near 
Elba, NE would be an adequate site for the testing and implementation of the odor control 
device. The off-gas of the Loup Central Landfill was tested for its H2S concentration, 
volumetric flow rate, and temperature. In addition to the analysis of the off-gas of the 
Loup Central Landfill, properties of the leachate and leachate collection system were 
analyzed. The Loup Central Landfill was determined to be in an unsteady methanogenic 
phase. The second goal of the study was to create a preliminary design for the odor 
control device. The odor control device consists of three parts: collection, concentration, 
and biological treatment. The collection is a vacuum pump that connects to the leachate 
collection system of the Loup Central Landfill allowing for the extraction of gas. The 
concentration step is meant to provide the biological treatment method with a higher 
concentration of H2S at lower volumetric flow rate than provided by the landfill. The 
concentration step will occur through the adsorption and desorption of H2S onto activated 
carbon. This will lower the cost and size of the biological treatment. Biological treatment 
will be accomplished using a bio-trickling filter to degrade the H2S produced by the 
landfill. The odor control device will be constructed and implemented in 2021. The odor 
control device has the potential to implemented at other locations and industries such as 
wastewater plants and municipal sewers.
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CHAPTER 1: INTRODUCTION 
1.1 Background on Landfills and Odor Problems 
The United States has a total of 1,250 landfills across the country (Statista, 2017) 
with a total of 23 permitted landfills in Nebraska (NDEE, 2020). Landfills can affect 
neighboring communities due to the odors and gases produced by the decomposing waste 
within the landfill. Odors produced by landfills have been shown to affect people’s daily 
activities, mood states, and cause breathing problems (Heaney, 2011). Hydrogen Sulfide 
(H2S) is a compound found in the off-gas produced by landfills. H2S is a byproduct from 
anaerobic digestion of organic wastes containing sulfur and gypsum wallboard. When 
released into the atmosphere H2S can cause an offensive odor and become dangerous in 
high concentrations. Factors that affect H2S generation in landfills include landfill 
geometry, age and composition of waste, presence of air, and weather conditions (Jae, 
Qiyong and Yong-Chul, 2015).  
Depending on location and quantity of generation, landfills can be required by the 
government to control their emissions. Landfills may consider treatment of odors 
generated when it starts to affect the air quality around the landfill especially if the 
landfill is located near a population center. Options for odor treatment or prevention 
include: inhibition by removing sulfur generating material, increasing pH of waste, 
adding alternative electron acceptors, inhibition of sulfur reducing bacteria (SRB), 
incineration of gas, adsorbent of odor producing compounds onto activated carbon, liquid 
redox, bioscrubbers, using an alternative cover such as compost, or using a masking 
agent. For smaller, remote landfills the gas produced may not be required to be treated. 
The first step in treating the off-gas is gas collection through a series of horizontal and 
vertical collection wells that connect to a vacuum pump. Once the gas is collected, a 
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common method for treatment is combustion of the gas through flares, incinerators, etc. 
(ADSTR, 2008; Jae, Qiyong and Yong-Chul, 2015).  
Combustion of the off-gas is an effective method for controlling the organic 
compounds such as methane and converting H2S to SO2 or H2SO4. Combustion of landfill 
gases can be used to convert methane into carbon dioxide as well as power boilers, gas 
turbines, and other internal combustion engines (City of Lincoln, 2020; US EPA, 2016). 
The cost of combustion of landfill gas can vary depending on the nature of the gas. The 
typical gas composition produced by landfills is 45-60% methane, 40-60% carbon 
dioxide, 2-5% nitrogen, and all other constituents (oxygen, ammonia, nonmethane 
organic compounds, sulfides, hydrogen, and carbon monoxide) are each under 1% of the 
total volume (ADSTR, 2008). Flaring the off-gas can be efficient when the methane 
concentration in the gas is at least 20% by volume. Off-gas with methane concentrations 
less than 20% requires the addition of natural gas to ignite the gas. The addition of 
natural gas will increase daily operational costs. In cases where landfills may need to add 
supplementary gas to flare their off-gases, as well as cases where the cost of construction 
and operation, a combustion system may be unfeasible for small landfills leading smaller 
landfills to turn to other options for controlling their off-gas. 
Another method for controlling odors produced by landfills is through biological 
treatment (Jae, Qiyong and Yong-Chul, 2015). Biological treatment, and in particular 
bio-trickling filters, involves a polluted air stream fed to a culture of microorganism 
attached to inert media that degrade the influent pollutants. Biological treatment can be 
used to treat H2S, ammonia, volatile organic compounds (VOCs) such as acetaldehyde 
and formaldehyde, and other water-soluble compounds. H2S can be generated in the 
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gases produced by landfills, wastewater treatment, and animal feedlot operations. 
Ammonia can be found in similar waste streams as H2S. Biological treatment for odors is 
efficient and environmentally friendly but may not be cost effective for small applications 
with low concentrations of odor generating compounds, such as H2S.  
This thesis will explore treating H2S generated by landfills through an odor 
control device with the main treatment component using biological treatment. The odor 
control device will help in achieving the larger goal of improving environmental 
conditions within the state of Nebraska. To lower the cost of biological treatment, the 
odor control device will have a component that concentrates H2S and the odors generated 
by the landfill. The concentrated H2S will lower the gas volume and reduce the operating 
cost and size of the biological treatment system. The study will focus on the design of a 
pilot odor control device for the Loup Central Landfill near the town of Elba, NE.  
1.1 Goals and Objectives 
The main goal of this study is to improve the environmental conditions within the 
State of Nebraska by providing a deeper understanding of some of the main pollutant 
sources fulfilling two objectives: 
1. Analyze the properties of the Loup Central Landfill and determine a specific 
location for the installation of the odor control device. 
2. Create a preliminary design for the odor control device. 
1.2 Organization of Thesis 
Figure 1.1 presents a graphic for the organization of the thesis. The first chapter of 
this thesis is the introduction, which explains odor generation in landfills and the different 
treatment options, compares combustion and biological treatment of the off-gas, 
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introduces ethanol plants as another application of biological treatment, and explains 
ethanol plants transitioning to alcohol-based disinfections with the rise of the global 
pandemic. The second chapter of the thesis is a literature review on relevant documents 
related to the application of bio-trickling filters, properties of hydrogen sulfide, general 
information about landfills, information about ethanol plants, and regulations related to 
the production of alcohol-based disinfectants. Chapter 3 relates to the methods for testing 
and analysis for the properties of the Loup Central Landfill and the Nebraska ethanol 
plant. Chapter 4 includes the design process and components of the odor control device. 
Chapter 5 summarizes conclusions from previous chapters and presents areas for future 
work. In addition to the main chapters of the thesis there will be several appendices. The 
appendices include details on the parts list for the odor control device, activated carbon 
properties, data collected on the off-gas of the landfill, and information about COVID-19 
and how it relates to the ethanol industry. 
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Figure 1.1: Organization of Thesis  
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
This chapter discusses the relevant literature concerning the operation and 
performance of bio-trickling filters (BTF), properties of landfills, and includes 
information and studies conducted on the adsorption and desorption of hydrogen sulfide 
onto activated carbon. A main component of this chapter relates to the operation and 
components of the odor control device that will be implemented at the Loup Central 
Landfill. Studies related to the operation of a BTF and its ability to treat compounds such 
as hydrogen sulfide (H2S) will be presented. These studies will help determine if a BTF 
will adequately treat the odor generating compounds found in the off-gas of the Loup 
Central Landfill. The background on landfill properties gives an indication of what 
concentration of H2S will be produced by the Loup Central Landfill. The studies of 
adsorption and desorption of H2S onto activated carbon indicates whether the method for 
concentrating H2S gas will be effective in the odor treatment device. 
2.2 Bio-Trickling Filters 
An innovative treatment device for odor control and removal of HAPs is a BTF. 
BTFs and bioscrubbers are columns that utilize microorganisms to degrade pollutants 
from an air stream that flows through the column. It is important to understand the 
effectiveness of bio-filtration for the degradation of the compounds found in the testing 
sites, such as H2S in a landfill and HAPs found in ethanol plants. A literature review was 
conducted on the operating parameters of bio-trickling filters to gain a better 
understanding of how they operate and the compounds they can effectively degrade.  
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2.2.1 General 
BTFs are an effective method for treated polluted gas streams in which the 
contaminants are water soluble. BTFs have the potential to treat compounds from a 
variety of different industries and waste generators such as acetaldehyde and 
formaldehyde in ethanol production (Chen, 2009), benzene from a variety of different 
industries (Hassan, 2008), H2S and NH3 from animal waste (Chen, 2018), H2S from 
landfill gas (Jae, Qiyong and Yong-Chul, 2015), toluene from soil vapor extraction 
(Magalhães, 2009), and VOCs from chemical fiber production (Yang, 2017). Table 2.1 
presents the BTF elimination capacity for several different compounds generated in the 
sources previously mentioned. 
 
Table 2.1: Application of BTFs in treating a variety of compounds 
Compound Industry 
Loading Rate 
(g m-3 hr-1) 
Elimination 
Capacity (g m-3 
hr-1) 
RE 
(%) Researcher 
Acetaldehyde, 
Formaldehyde 
Ethanol 
Production 15, 18 14, 17.8 
95, 
99 Chen (2009) 
Benzene Variety  34.1 33.4 98 Hassan (2008) 
H2S Municipal  60 57 95 Liu (2013) 
VOCs 
Chemical 
Fiber 
Production 53.6 48.2 90 Yang (2017) 
H2S, NH3 
Agricultura
l Animal 
Waste 47.4, 14.7 46.7, 14.6 
98.5, 
99.6 Chen (2018) 
H2S Municipal  37.8 35.2 93 
Khanongnuch 
(2019) 
Toluene 
Soil Vapor 
Extraction 0.06 0.05 86 
Magalhães 
(2009) 
 
A bio-trickling filter is a column packed with an inorganic media that has been 
inoculated with a microbial culture. The process culture develops a biofilm around and 
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within the pores of the media. The culture is typically started from the activated sludge of 
a wastewater plant. There are two streams entering the bio-trickling filter: a polluted air 
stream and a liquid stream. The air and liquid stream can flow in a countercurrent or 
concurrent depending on the application. The liquid phase controls pH, salinity, 
metabolic concentration, and supplements nutrients to the biofilm. The polluted air 
stream is absorbed by the liquid stream making the pollutants easily accessible by the 
developed biofilm (Shareefdeen and Singh, 2005). 
The basic principle of the bio-trickling filter is that contaminated air is blown 
through the packing material. The packing material provides a surface for biofilm to grow 
and have contact with the air and liquid passing over it. The pollutant entering through 
the air stream is biodegraded in the biofilm. The microorganisms present in the biofilm 
are typically aerobic but there may be anaerobic microorganisms present deep inside the 
biofilm. There are a wide range of microorganisms present in the biofilm. There are 
primary degraders and then secondary degraders that are feeding off the primary 
degraders. The secondary degraders control the microbial population within the biofilm. 
Bio-trickling filters have an acclimation period. It takes two to three days after startup for 
degradation of pollutants to occur. After ten to fifteen days after startup optimum 
conditions are reached and pollutants become relatively easy to treat. A steady 
concentration of pollutant should be supplied to the bio-trickling filter to reach the 
highest percent degradation. Spikes in the concentration can overload the bio-trickling 
filter and not allow it to proper degrade the pollutant (Shareefdeen and Singh, 2005). 
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2.2.2 Hydrogen Sulfide Properties and Degradation  
During the decomposition of a landfill the primary gases emitted are carbon 
dioxide (CO2), Methane (CH4), and other compounds found in smaller concentrations. 
H2S is one of the compounds emitted in a smaller concentration at about 0 to 1.0 percent 
of the total volume (Davis, 2014). H2S is a byproduct from anaerobic digestion of organic 
wastes containing sulfur and wallboard. The main source of H2S comes from the 
degradation of food waste containing the amino acids cysteine and methionine (Almy, 
1925). Sulfur reducing bacteria (SRB) cause the generation of H2S. SRB need moisture, a 
neutral pH, an optimum temperature of 28 to 32 ̊C, and anaerobic conditions to produce 
H2S (Jae, Qiyong and Yong-Chul, 2015). When released into the atmosphere it can cause 
an offensive odor and is dangerous in high concentrations. It is a colorless, flammable, 
extremely hazardous gas with a rotten egg smell and at levels of 100 ppmv or above H2S 
can be life threatening (OSHA, 2005). Processes that produce H2S include wastewater 
treatment plants, sewers, piggeries, and landfills. Table 2.2 provides the physical 
properties of H2S. H2S will be the primary compound of concern that emitted in the off-
gas of the Loup Central Landfill. 
Table 2.1: Physical Properties of Hydrogen Sulfide (WEF, 1978). 
Properties Hydrogen Sulfide 
Molar Mass (g/mol) 34.08 
Vapor Density (relative to air) 1.19 
Boiling Point (°C) -60.2 
Vapor Pressure at 20 °C (mmHg) 1.36E+04 
Solubility in Water Miscible 
Henry's Law Constant (atm m3/mol) 5.15E+02 
Odor Threshold (ppbv) 0.5
 
 
There have been many applications of bio-trickling filters for the treatment of H2S 
(Liu, 2013; Ryu, 2009). H2S has a dimensionless Henry’s constant of 5.15 x 10
2 
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(Montgomery, 1985) making it soluble in water at standard temperature and pressure. 
H2S can be degraded by bio-trickling filters after solubilizing in water. The primary 
degraders for H2S within the biofilm of a bio-trickling filter are autotrophs. Bio-trickling 
filter designs for H2S treatment typically have a countercurrent air and liquid flow for the 
treatment of H2S. Trickling liquid in applications of treatment of H2S plays crucial role in 
controlling the pH. H2S degradation can create acidic conditions that can affect the 
performance of the bio-trickling filter (Shareefdeen and Singh, 2005). 
Studies have been conducted on the effectiveness of treating H2S with bio-
trickling filters. A study conducted was able to achieve an average elimination capacity 
of 60 g H2S m
-3 h-1 with a removal efficiency of 95% and an empty bed residence time of 
20s (Liu, 2013). The maximum removal efficiency from this study was 170 g H2S m
-3 h-1 
and the pressure drop ranged from 5 to 15 mm H2O per bed. A combination of fungi and 
bacteria was used to inoculate the media in the bio-trickling filter.  
Another study was able to remove 95% of H2S at an inlet concentration of 950 
ppmv with an empty bed residence time of 1.2 min (Ryu, 2009). The study was focused 
on the treatment of H2S gases at 60 °C. Thermophilic bacteria from cooking compost was 
used as the inoculate for the bio-trickling filter. The results of the two studies indicate 
biofiltration of H2S gases is possible and a bio-trickling filter will be applicable at the 
landfill test site. 
2.3 Landfill Gas Properties 
Landfills produce gas due to the bacterial decomposition of organic wastes, 
volatilization of organic compounds, and the chemical reactions that occur within the 
waste of the landfill. The properties and contents of the gas produced by a landfill can 
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vary depending on the landfill’s age, size, and type of waste (Davis, 2014). The gas 
produced by a landfill can give an indication of the age and the phase of decomposition 
of the wastes. There are four different phases of a landfill defined by ADSTR and the 
EPA. These four phases depend on the concentration of hydrogen, oxygen, methane, 
nitrogen, and carbon dioxide present in the gas (ADSTR, 2008). The first phase consists 
of aerobic decomposition by the waste followed by anaerobic decomposition in the next 
three phases. Figure 2.1 illustrates the four different phases of a landfill. Table 2.3 
presents the common gases and their range of volumetric percentages found in the off-gas 
of landfills (ADSTR, 2008). 
 
Figure 2.1: Four stages of a Landfill (ATSDR, 2008). 
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Table 2.2: Compounds and Volume Percentages Found in Landfill Off-Gas (ADSTR, 
2008). 
Component Percent by Volume 
Methane 45-60 
Carbon Dioxide 40-60 
Nitrogen 2-5 
Oxygen 0.1-1 
Ammonia 0.1-1 
NMOCs 0.01-0.6 
Sulfides 0-1 
Hydrogen 0-0.2 
Carbon Monoxide 0-0.2 
 
 
H2S is another compound that is found in the off-gas of Landfills. H2S is 
produced in landfills by the anaerobic degradation of sulfur. The main sources of sulfur 
include food wastes, particularly dairy and meat products, sludge from wastewater 
treatment plants, and wallboard. Factors that affect the production of H2S include landfill 
geometry, age and composition of waste, presence of air, and weather conditions (Jae, 
Qiyong and Yong-Chul, 2015). A study was conducted on four different landfill sites in 
Korea showing the wide range of H2S concentrations found in several different landfills. 
H2S was the predominant sulfur-based gas exiting the landfill and was present in 
concentration ranges of 0.212 to 5142 ppmv (Kim, 2005). The oldest of the landfill 
studied produced the lowest H2S concentration. This landfill had been covered for 11 
years. Another study conducted by the UK Environment Agency surveyed 79 different 
landfill sites for H2S concentration. The median H2S concentration was 2.2 ppmv, the 
average H2S concentration was 96.6 ppmv, the highest H2S concentration was 70,000 
ppmv, and 68% of sites were under detection limit for H2S (UK Environment Agency, 
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2010). A study conducted by the U.S. EPA on fresh kill landfills in New York found an 
H2S concentration in the range of 0.11 to 200 ppmv (US EPA, 1995). 
Landfills that accept construction and demolition wastes can produce large 
concentrations of H2S. This is due to the disposal of wallboard, a calcium sulfate building 
material. Landfills that contained wallboard produced ten times the amount of H2S than a 
landfill with household waste disposal. A laboratory experiment analyzed the production 
of gaseous sulfides from the degradation of refuse while in the presence of already 
degraded refuse, two different types of sludge, and construction and demolition wastes 
(Fairweather, 1998). The results of the study are presented in Table 2.4. 
Table 2.3: Gaseous Sulfide Generation from the Degradation of Landfill Waste (From 
Fairweather, 1998). 
Component 
Seed 
(%) 
Refuse 
(%) 
Polymer 
Sludge 
(%) 
Lime 
Sludge 
(%) 
Wallboard 
(%) 
Total 
Dry 
Weight 
(g) 
Gaseous 
Sulfide mg 
S-2 per dry 
fresh refuse 
Fresh 
Refuse 46 54 - - - 663 0.07 ± 0.02 
Polymer 
Sludge 49 45 4.7 - - 616 0.22 ± 0.04 
Lime 
Sludge 46 42 - 10.6 - 657 0.22 ± 0.07 
C&D 40 37 - - 23 761 2.6 ± 1.5 
 
The off-gas produced by landfills can have negative impacts to neighboring 
communities. A study was conducted on the health effects of odors generated by the 
landfill located in Orange County, North Carolina (Heaney, 2011). The study sampled 
H2S concentration around the landfill every 15 minutes and then surveyed the 
neighboring community on the effect of the odors generated by the landfill. The study 
was able to determine that landfill odors can impact human health and that strong odors 
are strongly associated with an alteration of daily activities, negative mood states, 
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mucosal irritation, and upper respiratory symptoms. This study gives an indication that it 
is important to control odors generated by landfills.  
There are several different options for treating H2S found in the off-gases of 
landfills. The most common method is incineration in which H2S is converted to SO2 and 
H2SO4. Other options include physiochemical treatment such as adsorbent of H2S by 
activated carbon, biological treatment through bioscrubbers and bio-trickling filters, 
using an alternative cover material such as compost, or using a masking agent at the 
location of the odor (Jae, Qiyong and Yong-Chul, 2015).  
2.4 Adsorption and Desorption Process of H2S 
Adsorption and desorption of H2S onto activated carbon will be a main 
component of the odor control device. Adsorption onto activated carbon can occur 
through two different methods: physical adsorption and chemisorption (Yan, 2002). 
Physical adsorption is a slower process and occurs at the inner pores of the carbon. The 
key activated carbon characteristics for physical adsorption are the surface area, pore 
volume, and pores size (Sitthikhankaew, 2011). Chemisorption is a fast process, occurs 
on the surface of the carbon, and changes the chemical composition for the compound 
being adsorbed (Benjamin, 2013). Activated carbons impregnated with potassium and 
other alkali metals have the potential for chemisorption. When adsorbing the H2S onto 
the activated carbon, physical adsorption will be preferred. Physical adsorption is 
preferred because it will not chemically alter the H2S. Chemisorption is undesirable 
because it will change the H2S adsorbed onto the activated carbon making it harder to 
desorb.  
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Another important characteristic of the activated carbon for this study is the 
ability for regeneration. The activated carbon will need to desorb the H2S after each cycle 
and then regenerate its capacity for the next adsorption cycle. A study was conducted on 
the regeneration capabilities of coconut shell-based activated carbon using hot air as the 
method for regeneration (Bagreev, 2001). The study began with exhausted activated 
carbon that had been used at a wastewater treatment plant operated by New York City.  
The exhausted activated carbon was regenerated using hot air at a temperature of 250C 
for 200 min. The capacity after this regeneration was 28 mg H2S/g activated carbon. A 
second regeneration of the activated carbon occurred using air at 300 ̊C for 70 min. The 
capacity of the activated carbon after the regeneration was 22 mg/g. In addition to the 
spent activated carbon from the wastewater treatment plant, fresh activated carbon was 
analyzed. The fresh activated carbon had a capacity of 105 mg/g. After a regeneration 
cycle with air at 300 ̊C for 70 min the breakthrough capacity decreased to 42 mg/g. The 
study was able to remove all the sulfur from the small pores and regenerate 100% of the 
pore structure within the activated carbon with air at 300 ̊C.  
Another study was conducted on the regeneration properties of wood-based 
activated carbon using water to regenerate the activated carbon (Bandosz, 2002). Wood 
based activated carbon had an initial H2S capacity of 68.7 mg/g, and then increased to a 
capacity of 75.8 mg/g after regeneration with water. After a second regeneration of water 
the activated carbon decreased to a capacity of 10.4 mg/g. Comparing the two studies, hot 
air was able to regenerate activated carbon more effectively after several regeneration 
cycles. 
16 
 
It is also important to understand the capabilities of desorbing H2S from activated 
carbon. Feng (2005) analyzed the desorption of H2S from three different types activated 
carbon with varying pore volume and surface area with the desorption being achieved 
using pure N2 gas. The studies were conducted on 1 g of activated carbon that had been 
grinded to a powder. The pore volume and surface area of three activated carbons are 
listed from smallest to largest: ACF10, ACF20, and ACF25. There were three different 
surface treatments of the activated carbon that occurred: raw, oxidized with oxygen for 2 
hours, and heat treated at 900 ̊C for 4-6 hours. A nitrogen carrier gas at 23 ̊C containing 
200 ppmv H2S was delivered to the activated carbon at a rate of 150 mL/min to conduct 
adsorption. Desorption of the H2S on the activated carbon occurred with pure nitrogen 
gas at a flow rate of 15 mL/min at temperature of 23 ̊C. The results of the 
adsorption/desorption experiments are presented in Table 2.5. 
 
Table 2.4: Results of Adsorption/Desorption of H2S onto Activated Carbon (From Feng, 
2005). 
Surface Treatment   ACF10 ACF20 ACF25 
Raw absorbed (mg/g) 1.43 2.18 2.65 
  retained (mg/g) 0.37 1.29 1.77 
  desorbed (mg/g) 1.06 0.89 0.88 
  % desorbed 74.1 40.8 33.2 
Oxidized absorbed (mg/g) 1.96 3.62 4.57 
  retained (mg/g) 0.86 2.71 3.77 
  desorbed (mg/g) 1.1 0.91 0.8 
  % desorbed 56.1 25.1 17.5 
Heat Treated absorbed (mg/g) 1.61 2.74 3.86 
  retained (mg/g) 0.57 2.14 3.34 
  desorbed (mg/g) 1.04 0.6 0.52 
  % desorbed 64.6 21.9 13.5 
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Oxidation and larger pore volumes resulted in higher adsorption rates of H2S. The 
raw ACF10 was able to desorb 1.06 mg H2S/g activated carbon. The activated carbon that 
was heat treated and had the highest pore volume only achieved a desorption of 13.5%. 
The desorption of H2S occurred at a higher rate in untreated activated carbons with a 
smaller pore volume. The larger pore volume and surface area is assumed to result in the 
H2S becoming imbedded deep into the carbon structure making it harder for the H2S to 
desorb out.  
2.6 Summary 
This chapter discussed topics related to the installation of the odor control device 
at a landfill including operation and parameters for a bio-trickling filter and their 
effectiveness of treating hydrogen sulfide, general landfill properties, and adsorption-
desorption of H2S onto activated carbon.  
Bio-trickling filters will be able to adequately treat the H2S produced by the Loup 
Central Landfill because studies were shown that bio-trickling filters can degrade 60 g 
H2S m
-3 h-1 under mesophilic conditions and an empty bed residence time of 20 s. Under 
thermophilic conditions, bio-tricking filters can degrade up to 95% of a 950 ppmv H2S 
stream with an empty bed residence time of 1.2 min.  
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CHAPTER 3 METHODOLOGY AND TEST SITE DESCRIPTION 
3.1 Introduction 
The Loup Central Landfill is a small remote landfill located in central Nebraska. 
The Loup Central landfill was selected as a potential location for the placement of a pilot 
apparatus to treat odors. Part of the requirement of the grant is that the project will 
improve environmental conditions in sites that do not typically receive funding, the Loup 
Central Landfill meets this requirement. In addition, the pilot apparatus can be placed in a 
location that does not interfere with the daily operation of the landfill. The pilot apparatus 
is a three-part device that captures gas with odorous compounds, concentrates the 
odorous compounds, and then treats the odorous compounds. The goal of the 
implementation of the pilot apparatus is to improve air quality for the public.  
Characteristics of the Loup Central Landfill needed to be analyzed to determine if 
the landfill was a viable location for the pilot apparatus. The tests included analysis of the 
compounds found in the landfill off-gas, properties of the leachate produced by the 
landfill, and analysis of the leachate cleanout system. The off-gas properties of the 
landfill were analyzed at several different locations within the landfill. The analysis of the 
leachate cleanout system and the off-gas concentrations of the landfill were used to 
determine the optimum location to place the pilot apparatus within the boundaries of the 
landfill.  
In addition to the properties of the Loup Central Landfill, the properties of an 
ethanol plant in Nebraska were also analyzed. The ethanol plant is another potential 
location for the installation of the odor control device. Tests were done on the ethanol 
plants different process streams. The different process streams have the potential to be 
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used as a trickling liquid in the bio-filtration portion of the odor control device. The 
process streams were also analyzed for any impurities, such as acetaldehyde and 
methanol, that are regulated compounds in the production of alcohol-based disinfectants. 
3.2 Description of Loup Central Landfill 
3.2.1 Introduction 
Loup Central Landfill is located three miles south of Elba, Nebraska. The landfill 
is owned and operated by five counties: Howard, Sherman, Greeley, Loup, and Garfield. 
The odors generated by the landfill can be intense. The landfill consists of four different 
physical sections: Phase 1, Phase 2, Phase 3, and Construction & Demolition. The landfill 
has been open since 1996. It is estimated that 10,500 tons of household wastes are placed 
in the landfill each year (Olsson Associates, 1996). Figure 3.1 shows the layout of the 
landfill. Red numbers indicate the location of each leachate cleanout. The dashed lines 
indicate the location of the leachate collection piping. 
 
Figure 3.1: Overview of the Loup Central Landfill.  
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3.2.2 Phase 1 of the Landfill 
Phase 1, which consists of 7.5 acres, was the first area to be used for the 
containment of solid waste starting in 1996. It has been filled with an estimated 402,000 
square yards of household waste until 2016 (Selden, 2020). The depth of the waste is 
approximately 50 feet. Phase 1 had an intermediate soil cover placed over the top of the 
waste in 2016 and has been inactive since. The depth of the soil cover is roughly two feet 
(Selden, 2020).  
3.2.3 Phase 2 of the Landfill 
Phase 2 is the current area of the landfill where household wastes are deposited 
during this study. In March 2016, waste started being deposited into Phase 2. Phase 2 has 
an area of 10 acres and will be filled with an estimated 412,000 square yards of 
household waste. Phase 2 has an expected life span of twelve years.  
3.2.4 Other Phases and Areas 
Phase 3 is the future site for household waste disposals once Phase 2 has reached 
its full capacity. It has an expected lifespan of 18 years and capacity of 621,000 square 
yards (Olsson, 1996). Construction & Demolition Cell is on the north side of the landfill. 
It is used for depositing waste generated by construction and demolition since 1996. 
3.2.5 Leachate Cleanout System 
The leachate cleanout system is a network of solid and perforated piping that 
stretches from the surface to underneath Phase 1 and 2 of the landfill. The piping collects 
liquid leachate from the bottom of the landfill and feeds to a collection pond by gravity.  
There is a total of seven cleanouts at the boundaries of Phase 1 and 2. Three 
cleanouts are around Phase 1 and there are four cleanouts around Phase 2. See Figure 3.1 
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for the location of each cleanout. The cleanout has an 11-inch opening that gives access 
to 6-inch PVC piping. The piping extends to three feet below the surface to a 45° bend. 
The piping then extends to a vertical distance of around 50 feet. See Figure 3.2 for 
overview of the cleanout. 
 
Figure 3.2: Diagram of Leachate Cleanout (Olsson, 1996). 
3.3 Gas Analysis 
The off gas generated by the Loup Central Landfill was tested multiple dates and 
times for H2S concentration, temperature, flow rate, and for other chemical compounds 
found in the off gas. The dates for testing were February 14th, March 27th, April 6th to 7th, 
June 3rd to 4th, and July 6th to 8th 2020. The purpose of this sampling was to get data on 
the range of conditions that would be supplied to the pilot apparatus. This data helped 
determined the design constraints for the pilot apparatus.  
3.3.1 Gas Collection 
The leachate cleanout system was used to collect gas samples from the landfill. 
Twenty-five feet of half inch tubing was inserted into the leachate cleanout system 
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through a manhole. A plastic bag acted as a seal for the interface between the manhole 
and the half inch piping. The plastic bag seal was installed to prevent the entrance of 
ambient air into the leachate cleanout piping. See Figure 3.3 and 3.4 for overview and 
image of the testing setup. See Figure 3.5 for a picture of the cleanout sealed with a 
plastic bag to prevent ambient air from entering the cleanout. 
Figure 3.3: Overview of the testing system for collecting the off-gas. 
 
 
Figure 3.4: The testing system for collecting the off gas from the leachate collection 
system. 
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Figure 3.5: Cleanout #1. 
 
Connected at the surface end of the half inch tubing was a vacuum pump 
(Vivosun, City of Industry, CA) drawing gas out of the landfill at an average flow rate of 
2 liters per minute. A 5-way manifold connected to the vacuum pump directed gas 
produced by the landfill to different devices. During normal operation of the pump, the 
manifold had one exit open. This would direct the gas to a flow and temperature 
measurement device. At regular intervals another exit of the manifold was opened and 
gas was directed to a Tedlar bag for further analysis. 
Five separate visits were conducted for gas collection, February 14th, March 27th, 
April 6th to 7th, June 3rd to 4th, and July 6th to 8th 2020. The first two visits the vacuum 
pump was operated for a period of about six hours. The third and fourth visit the vacuum 
pump was run over a two-day period for a total of thirty hours. The final visit the vacuum 
pump was operated for a three-day period totaling fifty-two hours.  
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Three different cleanouts were tested for their H2S concentration. The cleanouts 
chosen for testing the H2S concentration was Cleanout #1, #2, and #3. These three 
cleanouts were chosen as potential sites for the installation of the odor control device. 
The three cleanouts connect to the piping network that collects leachate from underneath 
Phase 1 of the landfill. It is believed that Phase 1 will produce a higher H2S concentration 
than Phase 2 of the landfill. 
3.3.2 Hydrogen Sulfide Detection 
Two Jerome hydrogen sulfide (H2S) analyzers (Arizona Instruments, Chandler, 
AZ) were used to analyze the H2S concentration in the landfill off gas (Arizona 
Instruments, 2017). Tedlar bags full of landfill gas were connected to the Jerome 
analyzer. The Jerome analyzer drew a set volume of gas from the Tedlar bag into the 
device. Particles were captured on to gold foil within the device. The volume of gas and 
number particles draw into the device determined the parts per million concentration of 
H2S. The detection limits of H2S were in the range of 0.001 to 50.0 parts per million. 
At the beginning of each testing day or when needed, the Jerome analyzer was 
regenerated. The regeneration process eliminates any particles collected onto the gold foil 
of the instrument through thermal desorption. 
3.3.3 Gas Flow Rate Testing 
Flow rate of the gas was recorded during testing using a digital anemometer 
(Holdpeak, Zhuahi, China). Three-eighths inch tubing connect the vacuum pump 
manifold to a funnel system. At the end of the funnel was the digital anemometer that 
measured the velocity of the gas. A turbine at the end of the funnel spun according to 
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how fast the gas was traveling. The digital anemometer had a detection range of 0.3 to 45 
meters per second. 
3.3.4 Gas Temperature Testing 
Temperature of the gas was recorded during testing using a digital anemometer 
(HoldPeak, Zhuahi, China). Three-eighths inch tubing connect the vacuum pump 
manifold to a funnel system. At the end of the funnel was the digital anemometer that 
measured the temperature of the gas. The digital anemometer had a detection range of 0 
to 45°C. 
3.3.5 Gas Chromatography-Mass Spectrometry Analysis  
Samples collected from Tedlar bags on the July 6th to 8th visit the Loup Central 
landfill were analyzed using μ-Gas Chromatography (μ-GC) and Gas Chromatography-
Mass Spectrometry (GC-MS) systems. The Agilent 490 μ-GC (Agilent, 2020a) equipped 
with a thermal conductivity detector and a two-channel module was used to analyze the 
gas samples to determine the percentage of oxygen (O2), carbon dioxide (CO2), hydrogen 
(H2), and methane (CH4) present in each sample. The measurement of O2, CO2, H2, and 
CH4 was conducted to understand what phase the landfill is in as determined by its off-
gas constituents. One channel used to measure O2 and N2 contained a 10 m MS5A heated 
injector maintained at 60 °C with a channel temperature of 75 °C. The other channel used 
to measure CO2 contained a 4m PPQ module with an injector temperature of 50 °C and a 
column temperature of 55 °C. 
A syringe was used to collect the gas sample from the Tedlar bags. The gas 
contents in the syringe were directed into the μ-GC for analysis. A gas sample of 5mL 
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was directed into the μ-GC for each sample replicate. Each gas sample had three 
replicates tested.  
The Agilent 7820A GC system (Agilent, 2020b) with a Mass Spectrometry (MS) 
detector (Agilent, 2020c) and 30 m, 0.25 mm I.D. HP-5MS column was used to analyze 
the gas samples for any other compounds that may be present. A syringe was used to 
collect the gas sample from the Tedlar bags. The gas contents in the syringe were directed 
into the GC-MS for analysis. 30 mL of gas sample was directed from the syringe into the 
GC-MS. Analysis of the sample was broken into two different ranges to avoid disruption 
by 𝐶𝑂2. The first segment range contained compounds with 5 to 27.5 molecular weight. 
The second range contained compounds with 44.5 to 300 molecular weight. 
3.4 Liquid Analysis 
Liquid samples retrieved from the Loup Central Landfill and the ethanol plant 
were tested for various compounds and characteristics. The samples were retrieved from 
the leachate collection pond and the storm water pond from the Loup Central Landfill and 
from the various process streams located in the ethanol plant. The samples were tested for 
chemical oxygen demand (COD), total nitrogen (TN), total phosphorous (TP), pH, and 
sulfide.  
3.4.1 COD 
COD was determined using TNT 820 vials by the reactor digestion method 
(Hach, 2017a). The vials were analyzed with a Hach DR2800 (Hach, 2013a). The TNT 
820 vials had a detection range of 1 to 60 mg/l COD. 
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3.4.2 Total Phosphorus  
Total Phosphorous was determined using TNT 844 vials by the PhosVer® 3 
ascorbic acid method with acid persulfate digestion (Hach, 2013b). The vials were 
analyzed with a Hach DR2800 (Hach, 2013a). The TNT 844 vials had a detection range 
of 0.5 to 5 mg/l 𝑃𝑂4 − 𝑃. 
3.4.3 Total Nitrogen 
Total Nitrogen was determined using TNT 826 vials by Hach Method 10208 
determines persulfate digestion method (Hach, 2018). The vials were analyzed with a 
Hach DR2800 (Hach, 2013a). The TNT 826 vials had a detection range of 1 to 16 mg/l 
N.  
3.4.4 Sulfide 
Leachate and stormwater pond samples from the Loup Co. Landfill were collected 
and tested for sulfides using a HACH DR1900 spectrophotometer (Hach, 2017b) and 
USEPA methylene blue method (APHA, 2005). The samples were collected on site at the 
leachate pond and immediately tested. Three replicates of both the leachate and 
stormwater ponds were tested. Accuracy of the sampling method was confirmed by 
testing in conjunction with known standard solutions prepared in the lab. Standard 
solutions were prepared by dissolving sodium sulfide (𝑁𝑎2𝑆 ∙ 9𝐻2𝑂) in deionized water. 
The methylene blue method has a detection range of 0.1 to 20.0 mg/l 𝑆−2.  
3.5 Smoke Tests 
The purpose of performing a smoke test on the Loup Central Landfill was to get 
an understanding of the interconnectedness of the leachate collection system. By blowing 
smoke into the landfill, we were able to determine how connected the leachate collection 
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system was and if there was any blockage in the piping network. On June 20th, 2020, a 
smoke test was conducted at the Loup Central Landfill by a team of five individuals. 
Two squirrel cage blowers (Global Industries, Pleasant Prairie, WI) at a 1640 and 
570 cfm flow were placed in parallel on top of one of the leachate cleanout manholes. 
The purpose of the parallel alignment was to create adequate suction. A steel bucket with 
holes drilled into the bottom was placed on top of the parallel blowers to hold the 
superior smoke candles in place. See Figure 3.6. A smoke candle (Superior Signal, Old 
Bridge, NJ) would be ignited and placed into the steel bucket (Superior Signal, 2020). 
The smoke produced by the candle was sucked into the blower and passed down into the 
leachate cleanout system. Each smoke candle produced smoke for three minutes. Once a 
smoke candle was exhausted, another was ignited and placed into the steel buckets. 
Smoke was blown into the cleanout system from Cleanout #1 for one hour and then for 
another thirty minutes at a Cleanout #3. The location of each cleanout is provided in 
Figure 3.1. 
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Figure 3.6: Smoke Test Blower Setup.  
3.6 Summary 
 The goal of this chapter was to give a site description of the Loup Central Landfill 
and explain the methodology for testing the properties of the landfill as well as a 
Nebraska ethanol plants processes streams. The description of the Loup Central Landfill 
included the location of the landfill, the different phases and placement of waste, and a 
description of the leachate cleanout system. There were several methods of testing 
described in this chapter. These include: 
• Off-gas collection. 
• Off-gas H2S concentration. 
• Off-gas flow rate. 
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• Off-gas temperature. 
• GC-MS analysis of off-gas. 
• Liquid analysis for COD, TP, TN, and sulfides. 
• Smoke Test. 
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CHAPTER 4 RESULTS: CONSTRUCTION OF BIO-TRICKLING FILTER 
4.1 Introduction 
This chapter summarizes the characteristics of the Loup Central Landfill, explains 
the design and operation of the odor control device, and presents potential applications 
for the odor control device. The section focused on the Loup Central Landfill provides 
background for the site selection and presents the information collected on the landfill’s 
characteristics. 
The section on the odor control device explains the design, operation, and 
equipment list of the three main components of the odor control device 1) gas extraction, 
2) concentration, and 3) biological treatment. The final section describes potential 
applications of the odor control device for a variety of different industries and processes 
in addition to the Loup Central Landfill. 
4.2 Loup Central Landfill 
The section on the Loup Central Landfill will present information regarding the 
selection process of this landfill, the data collected about the landfill characteristics, and a 
recommendation for the specific location of installing the odor control device. The 
landfill was selected based on the criteria laid out in the grant proposal and the 
willingness of the landfill operator to allow us to conduct research at the site. The landfill 
characteristics include the compounds found in the off-gas from the leachate cleanout 
system, the flow rate and temperature of the off-gas, water characteristics of the leachate 
and storm water, and the data collected on the smoke tests conducted on the leachate 
cleanout system. 
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4.2.1 Site Selection 
The Loup Central landfill was chosen as a test site for the pilot apparatus 
installation. There were several factors that went into the decision of choosing the Loup 
Central Landfill as the test site. The first factor is that the landfill is located at one of the 
counties that receives the lowest amount of funds from the Nebraska Environmental 
Trust. The grant funding provided by the Nebraska Environmental Trust specified that 
the test site meet the condition that it can benefit Nebraskans living in rural locations. 
Another factor influencing the decision is that the landfill will be able to produce a 
reasonable H2S concentration and operation of the odor control device will not interfere 
with daily operations. Phase 1 of the Loup Central Landfill was active for 20 years but 
now has an intermediate soil cover placed on top of the waste. Phase 1 should be able to 
generate a reasonable H2S concentration. Placement of the odor control device on Phase 1 
will not interfere with the daily operations of the landfill. The last factor influencing the 
decision was that the operator of the landfill was open to collaboration. The operator at 
the landfill allowed us to access the landfill for testing purposes whenever necessary.  
4.2.2 Off-Gas Data 
After Phase 1 of the Loup Central Landfill was determined as a potential site for 
the location of the odor control device, how to extract the off-gas out of Phase 1 needed 
to be determined. The first option considered was to install a vertical collection well into 
the landfill. The vertical collection well would penetrate deep into the landfill with 
perforated piping and allow for the off-gas to be extracted with a vacuum pump. This 
option would be highly costly because an out of state well driller would need to be hired 
and a professional engineer’s seal would be required. The other option considered would 
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be to use the existing leachate cleanout system to extract the off-gas from the landfill. 
The leachate cleanout system is described in Section 3.2.5. Studies would need to be 
conducted to determine how effective it would be to extract gas out of the existing 
leachate collection system. There were several different cleanout locations connected to 
the leachate collection system that a vacuum pump could be connected to. It was 
important to determine which of these several cleanouts would be the ideal location for 
the placement of the odor control device if applicable. 
Data was collected on the off-gas collected at three different cleanouts connected 
to the leachate collection system of the Loup Central Landfill in order to make a 
determination of the ideal cleanout location for the installation of the odor control device. 
Data was collected on the H2S concentration, the volumetric flow rate, and the 
temperature of the off gas coming out of each cleanout. Appendix C contains tables of the 
data collected from each of the three cleanouts that were analyzed. The H2S concentration 
in the off gas extracted from the cleanout system needed to be high enough for the odor 
control system to be effective. Cleanouts #1, #2, and #3 were chosen for sampling 
because their leachate collection piping went underneath Phase 1 of the landfill. Phase 1 
is the area with in the filled in waste with an intermediate soil cover. See Figure 3.1 for 
the location of the cleanouts and Phase 1.  
4.2.2.1 Cleanout #3 
The first cleanout investigated was Cleanout #3 which is on the north end of the 
landfill. Data was collected from Cleanout #3 on February 28th, 2020 for a period of five 
hours. See Figure 4.1 for the data collected on February 28th, 2020. Cleanout #3 provided 
the lowest concentration of H2S compared to the sampling done at Cleanout #1 and #2. 
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The average H2S concentration coming out of the landfill over the four-hour period was 
0.024 ppmv with a minimum concentration of 0.002 ppmv and a maximum concentration 
of 0.059 ppmv. Cleanout #3 had average volumetric flow rate of 1.5 lpm and an average 
temperature of 12.9 °C. The average outdoor temperature was 1.1 °C. This cleanout was 
determined to not be a suitable location for the installation of the odor control device due 
to its low H2S concentration. 
 
Figure 4.1: Cleanout #3 Off-Gas Data.  
4.2.2.2 Cleanout #1 
The second cleanout investigated was Cleanout #1, which is located on the 
southwest corner of the landfill nearest to the operations building. Data on Cleanout #1 
was collected on February 14th, February 28th, June 4th, and July 6th. The first visit to the 
Loup Central Landfill on February 14th had a faulty setup for sampling the off gas and the 
data from February 14th is not reported due to those problems. The data collected on 
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February 28th was only collected for one hour after Cleanout #3 had been sampled for 
four hours. This data was not considered because of the small volume of gas drawn out of 
the landfill, although that data was sufficiently encouraging that Cleanout #2 was 
sampled subsequently. 
The landfill off-gas properties for Cleanout #1 were measured for a period of five 
hours during the June 4th visit to the landfill. The H2S concentration was in the range of 
3.4 to 36.5 ppmv with an average concentration of 23 ppmv. The volumetric flow rate was 
an average of 2.6 lpm and at an average temperature of 35 °C. The average outdoor 
temperature for June 4th was 34 °C. The data collected on July 6th out of Cleanout #1 was 
tested for a period of three hours. The data collected on June 4th and July 6th from 
Cleanout #1 is illustrated in Figure 4.2. The concentration of H2S was 0 to 0.01 ppmv. 
The flow rate and temperature of the off-gas was 2.3 lpm and 36 °C. The average outdoor 
temperature for July 6th was 32 °C. The low concentration values from the testing done 
on July 6th are expected to be because of the smoke test conducted on June 20th. During 
the smoke test all the air contained within the leachate collection system was blown out. 
It is believed that in over two weeks, the landfill leachate collection lines had insufficient 
time to reach a high level of H2S. Thus, the lower concentration observed on July 6
th may 
represent the worst-case scenario for the concentration of H2S coming out of Cleanout #1. 
If Cleanout #1 is able produce a concentration range like that observed on June 4th, it will 
be a viable location for the odor control device.  
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Figure 4.2: Cleanout #1 Off-Gas Data. 
4.2.2.3 Cleanout #2 
The last cleanout that was investigated was Cleanout #2, which is on the southern 
end of the landfill. Data on Cleanout #2 was collected on March 27th, April 6th to April 
7th, June 3rd, and July 6th to July 8th. The data collected from Cleanout #2 is illustrated in 
Figure 4.3, except for March 27th. The March 27th collection was three grab samples of 
the off gas. The average concentration from the March 27th collection was 2.2 ppmv. The 
April 6th collection had the highest concentration of H2S from all cleanouts and dates 
sampled. The average concentration was 36.5 ppmv H2S and at some points reached the 
instrument detection limit of 50 ppmv H2S. The vacuum pump was run continuously for 
about 28 hours. After 20 hours of continuous pumping the concentration began to drop to 
around 1 ppmv of H2S.  
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The sampling conducted on June 6th had an average concentration of 0.225 ppmv 
H2S. There was water at the top of the pipe leading into the leachate cleanout. This water 
may be part of reason why the H2S concentration is drastically lower on June 3
rd 
compared to April 6th to 7th. Sampling was conducted the next day on Cleanout #1 and 
the H2S concentrations were high. The water in the cleanout piping may be causing 
blockage and limiting the off-gas extraction.  
The sampling that occurred from July 6th to July 8th was conducted after the 
smoke test in which the gas contents of the landfill were pushed out. The pump was 
running for 48 hours straight. The average concentration of H2S was consistent in the 
range of 0.18 to 0.49 ppmv. The concentration ranges observed during this testing period 
for Cleanout #2 were higher than those observed in Cleanout #1 after the smoke test and 
higher than the Cleanout #3 data collected in February. 
 
Figure 4.3: Cleanout #2 Off-Gas Data. 
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4.2.2.4 Cleanout Summary 
The testing of the off-gas extracted from Cleanouts #1, #2, and #3 determined a 
suitable location for the installation of the odor control device.  The data collected 
indicates that Cleanout #1 and #2 can provide a suitable H2S concentration and 
volumetric flow rate for the odor control device under normal operating conditions. Due 
to the low H2S concentration of the off-gas from Cleanout #3, it will not a suitable 
location for the installation of the odor control device.  
It is recommended that any future testing of the off-gas extracted from the 
cleanouts should be conducted for at least a 30 hour period with continuous pumping. 
The odor control device will be placed on a single cleanout and extract gas continuously 
when in operation. It is important to understand the H2S concentration coming out of the 
cleanout after a long period of time and the concentration of H2S should be examined 
daily after the installation of the odor control device. 
4.2.3 Micro-Gas Chromatography Results 
Micro-GC analysis was conducted on samples collected from the Loup Central 
Landfill to estimate the landfill, which indicates the stability of the concentration and 
volume of gases generated by the landfill. Three grab samples of off gases were collected 
to analyze through micro-GC methods. The three grab samples were collected at 10am on 
July 7th, 10am on July 8th, and 3pm on July 8th. Each grab sample had three replicates 
tested.  
The results from the micro-GC analysis indicate that the landfill is in 
methanogenic, unsteady phase. The four different phases of a landfill are illustrated in 
Figure 2.1 in Section 2.3. Table 4.1 indicates the average volume percentages of each 
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sample for CH4, CO2, H2, and O2 from the three replicates tested. The volume 
percentages change between each sample. The CH4 percentage varies between 14.3 to 
20.5%. The percentage of O2 above 100% indicates a sampling error since the O2 
concentration should be lower than atmospheric conditions.  
Table 4.1: Results of Micro-GC analysis. 
Date: CH4 % Volume CO2 % Volume H2% Volume O2% Volume 
July 7th, 11am 15.4 ± 0.2 12.0 ± 0.1 27.9 ± 15.2 133 ± 0.6 
July 8th, 11am 20.5 ± 0.1 18.8 ± 0.1 28.6 ± 14.1 129 ± 2.2 
July 8th, 3pm 14.3 ± 0.2 14.1 ± 0.1 12.8 ± 1.1 127 ± 0.6 
The volume percentages of CH4 and H2 may be of concern when using high 
temperatures for desorption and may risk a bed fire in the concentrator unit. The lower 
explosive limit (LEL) for CH4 is 5.0% and the upper explosion limit (UEL) is 15% 
(Matheson, 2001). In Table 4.1 there is one sample that has the potential to be explosive 
if a spark occurs. The auto ignition temperature for CH4 is 600 ̊C (Robinson, 1984). H2 
has an LEL of 4.0 % and an UEL of 75% (Matheson, 2001) and an auto ignition 
temperature of 560 ̊C (INCHEM, 2017). All the samples collected are within the range of 
explosion for H2 and can be dangerous if a spark occurs. 
For combustion to be an effective method for treating the off-gas of the landfill, 
the CH4 concentration should be at least 20% by volume (ADSTR, 2008). If combustion 
were to be considered as a treatment method for the Loup Central Landfill, natural gas 
would need to be added to the off-gas. For combustion to occur under the worst-case 
scenario of 14% CH4 at a flow rate of 2 lpm, 150 mL/min off natural gas would need to 
be added to the off-gas. 
4.2.4 Gas Chromatography-Mass Spectrometry Results 
GC-MS tests were conducted on samples from the Loup Central Landfill. The 
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purpose of these tests was to gain an understanding of what types of compounds were 
present in the off-gas generated by the landfill. Three Tedlar bag samples of off gases 
from the Loup Central Landfill were collected to analyze through the GC-MS methods. 
The three grab samples were collected at 10am on July 7th, 10am on July 8th, and 3pm on 
July 8th.  
In an analysis of the results, it was observed that the low molecular weight range 
(5 to 27.5) had major peaks at 1.241 and 1.326 minutes. Cyanide was identified as the 
compound at the 1.241-minute peak. Methane was identified as the compound at the 
1.326-minute peak. Water was the main compound of any other peaks identified in the 
low range analysis.  
The high molecular weight range (44.5 to 300) had major peaks at 0.581, 1.71, 
and 24.561 minutes. A molecular weight peak of 76 was identified at 0.581 minutes. The 
peak at 0.581 minutes could potentially be CS2 or CH4N2S. A molecular weight peak of 
44 was identified at 1.71 minutes. The peak at 1.71 minutes could potentially be CO2. A 
molecular weight peak of 207 was identified at 24.561 minutes. The peak at 24.561 
minutes could be several different compounds.  
Table 4.2: Results of GC-MS Analysis. 
Time (min) Range (g/mol) Compound MW 
0.259 5 to 27.5 𝐻2𝑂 18 
1.241 5 to 27.5 𝐶𝑁− 27 
1.326 5 to 27.5 𝐶𝐻4 16 
30.125 5 to 27.5 𝐻2𝑂 18 
0.581 44.5 to 300 𝐶𝑆2 or 𝐶𝐻4𝑁2𝑆 76 
1.71 44.5 to 300 𝐶𝑂2 44 
24.561 44.5 to 300 𝐶16𝐻14𝑁2𝑂4 207 
24.561 44.5 to 300 𝐶16𝐻18𝑂3𝑆𝑖3 207 
24.561 44.5 to 300 𝐶10𝐻28𝑂4𝑆𝑖3 207 
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4.2.5 Water Analysis 
Water samples were collected from the Loup Central Landfill’s leachate pond and 
stormwater pond. The purpose of this sampling was to understand the compounds present 
in the leachate pond and stormwater pond and determine if either of these water sources 
could be applied as the trickling liquid in the odor control device or as a sulfide source in 
the concentrator system. Leachate water and storm water samples were collected from 
their respective ponds on the July 6th to 8th visit to the Loup Central Landfill. The water 
samples were analyzed for chemical oxygen demand (COD), total nitrogen (TN), total 
phosphorus (TP), pH, sulfides, and for the compounds found in the vapor. COD, TN, and 
TP were measured in units of mg/l. Results of the water testing are shown in Table 4.3.  
Table 4.3: Analysis Results of Leachate and Storm Water Ponds. 
Sample TP mg/l TN mg/l COD mg/l pH Sulfide mg/l 
Leachate collection pond 0.83 ± 0.04 13 ± 0 418 ± 1 7.6 0.2 ± 0 
Storm water pond 0.86 ± 0.05 7.2 ± 0.1 130 ± 3 7.3 UD 
 
Results of the GC/MS analysis for the vapors of the leachate indicate the presence 
of the following compounds: Water, Methane, Ammonia, Cyanide, Nitrogen Gas, and 
Carbon Monoxide. Other volatile organic compounds were present but specific 
compounds could not be identified with 100% certainty. Carbon Dioxide was the only 
compound identifiable in the storm water vapors.  
The storm and leachate waters both have the potential to be applied as the 
trickling liquid for the odor treatment device. Total suspended solids were not tested for 
either sample, but each had a murky color with suspended particles present. This may 
complicate the application of the liquids in the odor treatment device. Because the 
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leachate water had a small amount of sulfides present, 0.2 mg/l, it will not be considered 
for application in the concentrator system. 
4.2.6 Smoke Test 
To better understand the connectivity of the different cleanouts and possible 
sources of ambient air within the leachate collection system, a smoke test was conducted 
on June 20th, 2020. The test was to determine if there was any blockage in the piping 
network. Figure 3.1 in Section 3.2.1 indicates the locations of each cleanout in the 
landfill.  
Cleanout #1 and #2 are a part of the leachate collection system network that is 
underneath Phase 1 of the landfill. The first portion of the test was blowing smoke into 
Cleanout #1. Within five minutes of the start of the smoke test, smoke began to come out 
of Cleanout #2 at 80% opacity. Because of the rapid response from Cleanout #2, it seems 
that both Cleanouts #1 and #2 are well connected and appear to have zero blockage 
within the piping network connecting the two. 
The first portion of the test where smoke was blown into Cleanout #1 indicated 
whether there was a blockage in the piping network of the leachate system between 
different cleanouts. The opacity of the smoke the length time after the start of the test that 
smoke began to come out of each cleanout is indicated in Table 4.4.  
Table 4.4: Smoke Test Results. 
Cleanout  Time (min) Smoke Opacity (%) 
#2 5 80 
#3 30 30 
#4 20 20 
#5 25 50 
#6 none 0 
#7 15 50 
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The first portion of the test determined that: Cleanout #1, #2, and #7 did not have 
a significant blockage in the piping network between each cleanout. The opacity of the 
smoke coming out of Cleanout #7 about 20 minutes into the test is illustrated in Figure 
4.6. Cleanout #3, #4, and #6 may be partially or completely blocked. Smoke did not 
begin to come out of Cleanout #3 until 30 minutes into the test and at a low opacity. 
Cleanout #4 saw smoke come out of the cleanout 20 minutes into the test but at a low 
opacity. Figure 4.7 indicates the smoke coming out of Cleanout #4 20 minutes into the 
test. Smoke never came out of Cleanout #6. Blockage may occur in the cleanout piping 
by a low spot in the piping were water can collect, the pipe being filled with soil, or a 
collapse of the pipe. Cleanout #5 may have some partial blockage as well. Smoke did not 
start to come out of Cleanout #5 until 25 minutes into the test at an opacity of 50%. 
Cleanouts #4 and #5 should have had smoke exiting out of them before #7 due to #4 and 
#5 being closer in distance to #1. Due to this observation it is believed that Cleanout #5 
may have partial blockage. Smoke was never spotted coming out of the pit of the landfill 
in Phase 2. This indicated that the pit of Phase 2 is sealed from the cleanout system and 
that no ambient air will be able to enter the system through the lining of Phase 2. The 
leachate pond entrance pipe never had smoke exit out of the pipe but a change in flow 
pattern of water was observed. 
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Figure 4.4: Smoke coming out of Cleanout #7. 
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Figure 4.5: Smoke coming out of Cleanout #4. 
 
The second portion of the test where smoke was blow into Cleanout #3 confirmed 
that there was partial blockage in the piping connected to Cleanout #3. Smoke was seen 
coming out of Cleanout #2 but at a much lower opacity that seen in the first part of the 
test.   
4.2.7 Recommended Location for Odor Treatment Device  
One objective of this project is to identify the best location for placing the odor 
treatment device at the landfill. There are two viable locations for the placing the odor 
treatment device: Cleanouts #1 and #2. During testing, Cleanout #2 was able to produce 
the highest H2S concentration. Cleanout #2 was also able to produce a steady 
46 
 
concentration that never dropped to zero even when there was water in the pipes. During 
the worst-case scenario Cleanout #2 was able to produce an average concentration of 0.22 
ppmv H2S. The drawback to positioning the device at Cleanout #2 would be 500 feet of 
electrical lines would need to stretch from the landfill’s operation building to the 
treatment device. In addition, it is difficult to drive a vehicle directly to this location, 
making transportation of the odor treatment device and supplies more difficult since they 
need to be manually carried. 
Alternatively, Cleanout #1 has the advantage of being closer to the landfill 
operations building and would require a shorter distance for electric lines and a vehicle 
can directly be next to the location. The distance between Cleanout #1 and the operations 
building is 200 feet. 
The results of the smoke test indicated that Cleanout #1 and #2 are 
interconnected. With this data the assumption could be made that after a long period of 
pumping at either Cleanout #1 or #2, the concentration of H2S in the off gas would be 
about the same.  
4.3 Assembly of Device 
This section describes a possible assembly of the proposed pilot-scale odor 
treatment device. The pilot apparatus is separated into four main components. The 
components are the gas extraction system, directional system, gas concentrator, and the 
biological treatment. Each of the four components will connect and accomplish the goal 
of reducing odors through biological treatment.  
47 
 
4.3.1 Gas Extraction System 
The gas extraction system is the method for extracting the off gas from a cleanout 
at the Loup Central Landfill. It is a similar method as explained in Section 3.3.1. The 
main components of the system are the leachate cleanout system, vacuum pump, PVC 
cap, and tubing. The leachate cleanout system is explained in Section 3.2.5. See Figure 
4.6 for an overview of the gas extraction system. See the parts list for the extraction 
system in Table A1 in the appendix. 
 
Figure 4.6: Gas Extraction System. 
 
4.3.2 Concentrator System 
The purpose of the concentrator system is to saturate activated carbon with H2S, 
desorb the H2S from the activated carbon at a higher concentration than generated by the 
landfill, and finally send the concentrated stream to the next step in the process for 
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treatment. The concentrator system will consist of three steel columns filled with 
activated carbon that operate in cycle. Each column will have an 18” long steel pipe with 
a 1” diameter. Inserted in each column will be activated carbon. At the entrance of each 
column will be a four-way cross. The four-way cross will allow for the column to be fed 
different gas streams. At the end of each column will be a solenoid valve. The solenoid 
valve will direct the exiting gas to either the biological treatment system or to the next 
column in the cycle. Each column will have its own heating tape with controller to aid in 
the desorption of H2S. Figure 4.7 shows the components of a single column. The parts list 
for the concentrator system is provided in Table A2 in the appendix. 
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Figure 4.7: Diagram of a Single Concentrator Column. 
 
  
50 
 
The cycle for each column consists of a lead phase, lag phase, and desorption 
phase. An illustration of the lead, lag, and desorption system is presented in Figure 4.8. 
The lead- lag column system consists of two columns in series. The lead column adsorbs 
a majority of the H2S while the lag column acts as a polishing tool to safeguard against 
exhaustion of the lead column. Once the lead column becomes exhausted, it is taken off-
line and regenerated. The flow of the contaminant stream is then directed towards the lag 
column where it operates until saturation. The advantage of a lead-lag system is that the 
capacity for contaminant loading is increased compared to a single column and that the 
highest level of containment removal is achievable. For a single column, once the column 
becomes exhausted the flow of contaminants needs to be halted. With the lead-lag system 
the flow of contaminants can occur continuously, and the adsorption capacity is 
essentially doubled (DeSilva, 2006). 
For this system, there will be three columns cycling through lead, lag, and 
desorption. In the lead phase, the directional system sends the H2S laden gas from the 
landfill into the lead column. The gas will slowly saturate the lead column with H2S. By 
the end of the cycle the activated carbon of the lead column should be saturated with H2S 
particles. The solenoid valve at the exit of the lead column will direct the H2S laden gas 
to the lag column. The lag column collects the gas coming out of the lead column and 
acts as a polishing unit.  
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Figure 4.8: Lead-Lag system for adsorption of H2S onto activated carbon. 
 
There will be a third column going through the desorption phase while the off gas 
from the landfill is directed towards the lead-lag phase columns. This column will have 
already gone through a cycle of the lead phase. The desorption phase passes air through 
the column to desorb the H2S particles adsorbed onto the activated carbon. The column 
will be heated to a high enough temperature with heating tape to aid in the desorption. 
The air supplied to the column will come from a separate vacuum pump and directional 
system. The desorption phase will create a high H₂S concentration solution that will be 
delivered to the biological treatment system. Appendix B contains the properties for three 
different activated carbons that could potentially be implemented into the concentrator 
system. 
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4.3.3 Directional System 
The directional system will control the flow for the adsorption and desorption 
fluids of the three activated carbon columns in the concentrator system. The process will 
be automated so that little human intervention will be necessary during normal operation. 
The directional system is separated into two parts. The first part is for directing off gas 
from the landfill into the concentrator system. The second part is for directing 
atmospheric air into the concentrator system for desorption. Both parts of the system have 
the same components and use the same controller. The components of each system are 
two three-way solenoid valves, quarter inch tubing, and steel fittings to connect the 
tubing to the solenoid valves.  
The solenoids for the directional system are Parker G7 3-way solenoid with a 
quarter inch port. The solenoid will have an entrance and two exits. The solenoids will 
have two states: either energized or de-energized. In the de-energized state, the gas 
passing through the solenoid will exit out of the top. In the energized state the off gas will 
exit out of the side. The energized and de-energized states of the solenoid will be 
controlled with a B-hyve Irrigation controller. See Figure 4.9 for explanation of energized 
and de-energized settings of the solenoid valve. 
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Figure 4.9: Energized and de-energized state of the three-way solenoid valve. 
 
The B-hyve Irrigation Controller has 12 stations. Each solenoid is wired to a 
separate station of the controller. The stations of the controller will send an electrical 
current to the solenoids to activate the energized state of the solenoid. The B-hyve 
controller will allow for each solenoid in the system to operates on its own cycle. The B-
hyve controller will energize the two solenoids for the off gas directional system, two 
solenoids for the desorption fluid directional system, and the three solenoids at the 
bottom of each concentrator column. A diagram of the directional system is illustrated in 
Figure 4.10. The parts list for the directional system is provided in Table A3 in the 
appendix. 
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Figure 4.10: Directional System for Off Gas. 
 
Table 4.5: Solenoid Entrances and Exits. 
Solenoids Entrance Port Side Port Top Port 
Solenoid #1 Off Gas Column #1 Solenoid #2 
Solenoid #2 Solenoid #1  Column #2 Column #3 
Solenoid #3 Desorption Air Column #3 Solenoid #4 
Solenoid #4 Solenoid #3 Column #1 Column #2 
 
4.3.3.1 Directional System Modes 
There are three different phases that each activated carbon column of the 
concentrator system can be in: lead, lag, or desorption. The purpose of the directional 
modes is to determine whether the solenoids are in the active or inactive position and to 
determine what phase each concentrator column is in. The directional system off gas will 
operate in three different modes. Each mode corresponds to the column that is receiving 
off-gas from the landfill. Mode 1 corresponds to Column #1 in the lead phase, Mode 2 
corresponds to Column #2 in the lead phase, and Mode 3 corresponds to Column #3 in 
the lead phase. Each of the four solenoids in the directional system will either be 
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energized or de-energized depending on the mode. Table 4.6 indicates which phase a 
concentrator column is during the three different modes. Table 4.7 indicates the state of 
the four solenoids during the three modes. 
Table 4.6: Phase of each concentrator column during each mode. 
Columns Mode 1 Mode 2 Mode 3 
Column #1 Lead Desorption Lag 
Column #2 Lag Lead Desorption 
Column #3 Desorption Lag Lead 
 
Table 4.7: Summary of solenoid activity during each mode. 
Solenoids Mode 1 Mode 2 Mode 3 
Solenoid #1 Energized De-energized De-energized 
Solenoid #2 De-energized Energized De-energized 
Solenoid #3 Energized De-energized De-energized 
Solenoid #4 De-energized Energized De-energized 
 
4.3.4 Odor Control System 
The odor control system will be a bio-trickling filter. Chapter 2 section 2.2 
includes a description of a bio-trickling filter. The bio-trickling filter will be PVC pipe 
packed with plastic material inoculated by activated sludge from a wastewater treatment 
plant. The bio-trickling filter will have a length of four feet and a diameter of four inches. 
Concentrated H2S gas will be supplied to the bio-trickling filter by the concentrator 
system. A nearby water tank will be pumped at a slow rate into the bio-trickling filter to 
transfer the H₂S into the liquid form. The solution in the tank will contain buffers and 
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nutrients to control pH and supply nutrients to the micro-organisms. An illustration of the 
odor control device is presented in Figure 4.11. The parts list for the odor control system 
is provided in Table A4 in the appendix. 
 
Figure 4.11: Overview of the Bio-Trickling Filter. 
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4.3.5 Future Modifications of Design 
In the future, the design may be modified based on future data. A main factor that 
could change is the desorption fluid. Tests are being conducted on the viability of the 
desorption of H2S from activated carbon under Dr. Aly Hassan in the United Arab 
Emirates University. Air and water at varying temperatures are being tested as the 
desorption fluid. 
Currently the system is designed for atmospheric air to be the desorption fluid in 
the concentrator. Aspects of the current design will need to be changed if the desorption 
fluid would be changed to water. The first change would be in the desorption fluid 
directional system. The source of desorption fluid would change from air to water. This 
water would need to be housed in a separate container and would also need a different 
pump than the vacuum pump that supplies air.  
The second change would be that oxygen would need to be supplied to the bio-
trickling filter. The microorganisms would need a steady supply of oxygen to the bio-
trickling filter. Originally the oxygen would be supplied through the air acting as a 
desorption fluid. This change would result in the addition of a vacuum pump and a flow 
controller to direct oxygen laden air to the bio-trickling filter. 
4.4 Potential Applications of Device  
The odor control device has the potential to be installed at other locations and 
industries. The odor control device could be installed in ethanol plants as an alternative 
method to treat hazardous air pollutants. The odor control device could also be installed 
in other industries that produce H2S such as wastewater plants, sewage collection 
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systems, and animal feed lots. The odor control device will need to be modified in such a 
way that will it be able to handle the pollutant and volume load from each application.  
4.5 Summary 
This chapter investigated the properties of the Loup Central Landfill and went 
into depth on the assembly of the odor control device. The odor control device differs 
from other common treatment methods that are used in industry. The odor control device 
adds in a concentration step with activated carbon in combination with the biological 
treatment. Typical treatment methods either use biological treatment or activated carbon 
desorption separately. The properties of the off-gas from the Loup Central Landfill was 
investigated at several different cleanouts of the leachate collection system as well as the 
properties of the leachate and storm water ponds located at the Loup Central Landfill. In 
addition, a smoke test was conducted at the Loup Central Landfill to determine how the 
leachate cleanout system was connected and if there were any major blockages in the 
system.  
The components of the odor control device were explained, and figures were 
provided for each component. The components of the odor control device include gas 
collection, concentration, the directional system, and the odor control. The device will be 
constructed and installed at Cleanout #1 of the Loup Central Landfill. The last section of 
the chapter explained future modifications of the device and other potential applications 
of the odor control device. 
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CHAPTER 5: CONCLUSION 
5.1 Summary of Findings 
The Loup Central Landfill located near Elba, NE was studied, and it was 
determined that it would be a suitable location for the implementation for the odor control 
device. The Loup Central Landfill has a leachate cleanout system that will allow for the 
odor control device to connect to so that the off-gas from the landfill can be extracted and 
treated. The properties of the off-gas of the landfill studied include hydrogen sulfide 
(H2S) concentration, flow rate, and temperature. Suitable H2S concentration was found in 
the off-gas of the landfill. The landfill was able to maintain a minimum H2S 
concentration of 1 ppmv. This study determined that the Loup Central Landfill was in an 
unsteady, methanogenic phase. In addition to the properties of the off-gas, a smoke test 
was conducted on the leachate collection system and it was determined that there was 
minimal way for ambient air to enter the cleanout system and disrupt H2S concentration. 
The smoke test and the studies of the off-gas properties determined Cleanout #1 is best 
placement option for the odor control device. Cleanout #1 was able to provide an 
adequate H2S concentration and is 150 feet away from the power source of the device, the 
operations building of the Loup Central Landfill. Cleanout #2 is the backup location for 
the placement of the odor control device. Cleanout #2 provides an adequate H2S 
concentration and is 450 feet away from the operations building. 
The odor control device to be implemented at the Loup Central Landfill was 
designed and the individual components were identified. The odor control device consists 
of three components: off-gas collection, concentration, and biological treatment. The 
preliminary design was based on the Loup Central Landfill properties. The off-gas 
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collection consists of a vacuum pump, a system of solenoids, and a controller for the 
solenoids. The concentrator system consists of three column of activated carbon that 
adsorb H2S then desorb the H2S at a higher concentration into a smaller air flow than off-
gasses from the landfill. The final portion of the odor control device is biological 
treatment which consists of bio-trickling filter. 
5.2 Recommendation for Future Work 
For future work, the odor control device will need to be constructed and 
implemented at the Loup Central Landfill. During the implementation of the odor control 
device, the effectiveness of concentration and treatment of H2S will need to be analyzed. 
The off-gas properties of the Loup Central Landfill should be continued to be analyzed. 
The landfill is currently in an unsteady nonmethanogenic phase and it may transition to a 
steady methanogenic phase over time. As the landfill changes phases so will the 
concentration of the different compounds found in the off-gas. The parameters of the 
odor control device may need to be changed to meet the different concentrations of 
compounds in the off-gas. 
In addition to the implementation of the odor control device at the Loup Central 
Landfill, the odor control device should be implemented and tested at other locations and 
industries. The odor control device has the potential to be implemented to treat odors 
from other landfills, odors from municipal wastewater treatment and conveyance, and the 
hazardous air pollutants (HAPs) generated in ethanol production.   
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APPENDIX A: PARTS LIST 
 
Table A.1: Parts list of Gas Extraction System 
Part  Description Number 
Tubing 1/2" Black Tubing 25' in Length 1 
Cap 6" PVC Cap 1 
Vacuum Pump Vivosun 32W Vacuum Pump 1 
Hose Clamp Steel clamp to connect tubing to pump 1 
Manifold 1 entrance, 5 exits, steel 1 
 
Table A.2: Parts list of Concentrator System 
Part Description Number 
Steel Pipe 1" x 18" Black Steel Pipe MNPT 3 
Steel Reducer 
Coupling 1" to 1/4" Steel FNPT 6 
Hex Nipple 1/4" x 1/4" MNPT  3 
Cross 1/4" Cross FNPT 3 
3-way Solenoid 
Valve 
Parker G7 3-way Solenoid Valve, 1/4" 
FNPT 3 
Tube Fitting 1/4" MNPT x 1/4" tube fitting 21 
Tubing 1/4" Plastic Tubing * 
Activated Carbon Specific Type TBD * 
Mesh Support for activated carbon * 
Marbles 1" layer to support for activated carbon * 
Glass Wool 1/4" depth to support for activated carbon * 
        *Quantity related to depth or length of material 
 
Table A.3: Parts List for Directional System 
Part Description Number 
Controller B-hyve Irrigation Controller 1 
Solenoids 
Parker G7 3-way Solenoid Valve, 1/4" 
FNPT 4 
Tube Fitting 1/4" MNPT x 1/4" tube fitting 12 
Tubing 1/4" Plastic Tubing  * 
        * Quantity related to depth or length of material 
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Table A.4: Parts list for Odor Control System 
Part Description Number 
PVC Piping 4" Diameter x 4' PVC Pipe 1 
Plastic Media Specific type TBD 1 
Cross 1/4" Cross FNPT 1 
Tube Fitting 1/4" MNPT x 1/4" tube fitting 3 
Water Tank 5-gallon water tank 1 
Water Pump Specific type TBD  1 
Tubing 1/4" Plastic Tubing  * 
Marbles Support for Plastic Media  * 
          * Quantity related to depth or length of material 
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APPENDIX B: ACTIVATED CARBON PROPERTIES 
Three activated carbons supplied by the general carbon corporation were chosen 
for potential application in the concentrator system of the odor control device. This 
appendix includes the properties and saturation time for each of the three activated 
carbons. 
GC Sulfursorb 
• Non-impregnated  
• Derived from hardwood or bituminous coal 
• Designed for removal of hydrogen sulfide and sulfide compounds from vapor 
streams 
• Pelletized 
 
GC Sulfursorb Plus 
• Non-impregnated 
• Designed for removal of hydrogen sulfide and sulfide compounds from vapor 
streams 
• Granular 
 
GC-600 
• Silicate compound impregnated with potassium permanganate. 
• Basic zeolite product offered by General Carbon Corporation 
• Application for the adsoprtion and oxidation of polar or lower molecular weight 
compounds. 
 The saturation time for the three activated carbons was theoretically calcluated. 
The assumptions made for the calucuation is that there is 20 g of activated carbon and 2 
lpm volumetric flow rate with varying H2S concentraiton. Table B.1 includes the results 
of the calculation and the density of each of the activatd carbons. 
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Table B.1: Activated Carbon Properties 
Activated 
Carbon 
Density 
(g/cc) 
H2S 
Breakthrough 
Capacity  
(g H2S/cc) 
Saturation 
Time (days): 
1 ppm 
Saturation 
Time (days): 
10 ppm 
Saturation 
Time (days): 
100 ppm 
GC 
Sulfursorb 0.50-0.60 0.3 3250 325 32.5 
GC 
Sulfursorb 
Plus 0.4 0.2 2710 271 27.1 
GC-600 0.96 0.0022 12.4 1.25 0.125 
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APPENDIX C: LOUP CENTRAL LANDFILL OFF-GAS DATA 
Table C.1: Cleanout #1 
Time 
H2S 
(ppm) 
Q 
(lpm) 
Temp 
(°C) Time 
H2S 
(ppm) 
Q 
(lpm) 
Temp 
(°C) 
2/14/20 10:46 0.14   2/14/20 12:02 0.25   
2/14/20 10:48 0.24 2.12  2/14/20 12:03 0.16   
2/14/20 10:51 0.31 2.07  2/14/20 12:04 0.18 2.21  
2/14/20 10:54 0.34 2.09  2/14/20 12:05 0.24   
2/14/20 10:56 0.31 2.15  2/14/20 12:06 0.23   
2/14/20 11:00 0.27   2/14/20 12:07 0.23   
2/14/20 11:02 0.33   2/14/20 12:08 0.17   
2/14/20 11:04 0.28 2.21  2/14/20 12:09 0.21   
2/14/20 11:05 0.27   2/14/20 12:10 0.22   
2/14/20 11:06 0.22   2/14/20 12:30 0.23   
2/14/20 11:09 0.27   2/28/20 14:30 0.020 2.28 11.1 
2/14/20 11:10 0.25 2.21  2/28/20 14:50 0.017 2.09 10.4 
2/14/20 11:12 0.24   2/28/20 15:05 0.031 1.90 10.4 
2/14/20 11:15 0.25 2.23  2/28/20 15:10 0.033 0.72 10.1 
2/14/20 11:17 0.21   2/28/20 15:25 0.032 3.52 10.6 
2/14/20 11:19 0.19   2/28/20 15:30 0.035 3.52 13.3 
2/14/20 11:20 0.20   2/28/20 15:37 0.028 3.33 11.1 
2/14/20 11:22 0.20   2/28/20 15:44 0.034 3.35 10.4 
2/14/20 11:25 0.17   2/28/20 15:47 0.037 3.31 10.3 
2/14/20 11:41 0.18 2.21  2/28/20 15:52 0.038 3.29 10.1 
2/14/20 11:43 0.28   6/4/20 10:00 5.75 1.71 29.6 
2/14/20 11:45 0.38   6/4/20 10:15 3.4 2.28 29.6 
2/14/20 11:47 0.45   6/4/20 10:30 11 2.28 28.1 
2/14/20 11:48 0.45   6/4/20 10:35 18.5 2.28 29.3 
2/14/20 11:49 0.27   6/4/20 10:45 29.5 2.28 28.9 
2/14/20 11:50 0.37   6/4/20 11:00 35.5 2.28 33.9 
2/14/20 11:51 0.46   6/4/20 11:15 36.5 2.28 29.6 
2/14/20 11:52 0.34   6/4/20 11:30 30.5 2.17 35.5 
2/14/20 11:53 0.17   6/4/20 11:45 25.5 2.47 31.1 
2/14/20 11:54 0.39   6/4/20 12:00 23.5 2.66 31.2 
2/14/20 11:55 0.28   6/4/20 12:45 25.5 2.66 34.2 
2/14/20 11:56 0.32   6/4/20 13:20 21.5 2.85 38.3 
2/14/20 11:57 0.14   6/4/20 13:45 25 3.04 39.1 
2/14/20 11:58 0.23   6/4/20 14:00 24 3.04 41 
2/14/20 11:59 0.20   6/4/20 14:15 23.5 3.04 40.1 
2/14/20 12:00 0.19   6/4/20 14:30 22.5 3.04 40.2 
2/14/20 12:01 0.27   6/4/20 14:45 28 3.23 39.6 
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Table C.1: Cleanout #1 (cont.) 
Time H2S (ppm) Q (lpm) Temp (°C) 
6/4/20 15:00 23.5 3.23 39.7 
6/4/20 15:15 23 3.04 40.7 
7/6/20 11:02 0.01 2.00 35.1 
7/6/20 11:20 0.0085 3.42 33.9 
7/6/20 11:35 0 1.81 34.1 
7/6/20 11:45 0 1.83 33.1 
7/6/20 12:00 0 2.47 34.9 
7/6/20 12:08 0 2.28 36.6 
7/6/20 12:25 0 3.04 35.1 
7/6/20 13:10 0 2.09 38.3 
7/6/20 13:30 0 1.88 40.2 
 
Table C.2: Cleanout #2 
Time 
H2S 
(ppm) 
Q 
(lpm) 
Temp 
(°C) Time 
H2S 
(ppm) 
Q 
(lpm) 
Temp 
(°C) 
3/27/20 10:20 1.1 2.09 5.2 4/6/20 13:35 30.5 58.01 24 
3/27/20 11:05 2.7 5.14 6.9 4/6/20 13:45 35 66.57 25.9 
3/27/20 11:50 2.8 5.33 7.1 4/6/20 13:55 34.5 65.62 26.2 
4/6/20 10:45 34.5 65.62 13.6 4/6/20 14:05 28.5 54.21 27.1 
4/6/20 10:50 25.5 48.50 13.1 4/6/20 14:15 32 60.86 27.3 
4/6/20 10:55 31 58.96 19.2 4/6/20 14:25 26 49.45 32.4 
4/6/20 11:05 27.5 52.31 24.2 4/6/20 14:35 27 51.35 31.2 
4/6/20 11:10 33 62.77 24.3 4/6/20 14:45 31 58.96 31.8 
4/6/20 11:15 36 68.47 24.8 4/6/20 14:55 33.5 63.72 32.4 
4/6/20 11:20 37.5 71.33 24.5 4/6/20 15:05 32 60.86 31.8 
4/6/20 11:25 38 72.28 23.8 4/6/20 15:15 35 66.57 31.6 
4/6/20 11:30 40.5 77.03 24.4 4/6/20 15:25 30 57.06 31.3 
4/6/20 11:35 47 89.39 26.4 4/7/20 9:55 7.45 14.17 24.3 
4/6/20 11:40 43.5 82.74 24.7 4/7/20 10:05 3.5 6.66 25.5 
4/6/20 11:45 43.5 82.74 24.2 4/7/20 10:20 2.5 4.76 27 
4/6/20 11:55 45 85.59 26.2 4/7/20 10:30 1.4 2.66 28.4 
4/6/20 12:05 42.5 80.84 28.1 4/7/20 10:40 1.25 2.38 29.1 
4/6/20 12:15 41 77.98 26.6 4/7/20 10:50 1.15 2.19 29.6 
4/6/20 12:25 39 74.18 24.5 4/7/20 11:00 1.26 2.40 29.6 
4/6/20 13:05 50 95.10 24.5 4/7/20 11:10 1.4 2.66 29.1 
4/6/20 13:15 50 95.10 24.5 4/7/20 11:20 1.5 2.85 29.7 
4/6/20 13:25 50 95.10 24.3 4/7/20 11:30 1.55 2.95 30.6 
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Table C.2: Cleanout #2 (cont.) 
Time 
H2S 
(ppm) 
Q 
(lpm) 
Temp 
(°C) Time 
H2S 
(ppm) 
Q 
(lpm) 
Temp 
(°C) 
4/7/20 11:40 1.95 3.71 30.9 7/7/20 11:05 0.275 0.52 36.7 
4/7/20 11:50 1.5 2.85 32.4 7/7/20 11:20 0.32 0.61 36.9 
4/7/20 12:00 1.7 3.23 32.1 7/7/20 11:30 0.35 0.67 37 
4/7/20 13:10 6 11.41 34.9 7/7/20 11:45 0.375 0.71 37 
4/7/20 13:20 4.25 8.08 36.7 7/7/20 12:00 0.4 0.76 37.6 
4/7/20 13:30 4.65 8.84 37.7 7/7/20 12:15 0.4 0.76 38 
4/7/20 13:40 7.9 15.03 39.1 7/7/20 12:30 0.425 0.81 38.2 
4/7/20 13:50 7.6 14.46 39 7/7/20 12:45 0.475 0.90 39.1 
4/7/20 14:00 4.2 7.99 38.5 7/7/20 13:30 0.295 0.56 39 
4/7/20 14:10 3.25 6.18 39.7 7/7/20 13:45 0.35 0.67 40.4 
4/7/20 14:20 2.35 4.47 38.6 7/7/20 14:00 0.37 0.70 40.2 
4/7/20 14:45 2.6 4.95 37 7/7/20 14:15 0.42 0.80 40.5 
4/7/20 14:55 1.85 3.52 36.4 7/7/20 14:45 0.43 0.82 40.5 
4/7/20 15:05 1.9 3.61 33.9 7/7/20 15:00 0.455 0.87 41.1 
6/3/20 11:00 0.15 0.29 32.4 7/7/20 15:15 0.42 0.80 41 
6/3/20 11:15 0.34 0.65 31.9 7/7/20 15:30 0.43 0.82 41.6 
6/3/20 11:30 0.3 0.57 34.4 7/7/20 15:45 0.43 0.82 41 
6/3/20 11:45 0.18 0.34 34.1 7/8/20 9:40 0.43 0.82 32.4 
6/3/20 12:00 0.34 0.65 36.7 7/8/20 10:00 0.43 0.82 33.1 
6/3/20 13:00 0.18 0.34 41.3 7/8/20 10:15 0.49 0.93 34.6 
6/3/20 14:00 0.16 0.30  7/8/20 10:30 0.295 0.56 35.1 
6/3/20 15:00 0.15 0.29  7/8/20 10:45 0.195 0.37 35.5 
7/6/20 14:22 0.133 0.25 39.4 7/8/20 11:30 0.275 0.52 37.1 
7/6/20 15:00 0.16 0.30 43.5 7/8/20 11:45 0.34 0.65 38.3 
7/6/20 15:10 0.18 0.34 38.5 7/8/20 12:00 0.27 0.51 39.1 
7/6/20 15:15 0.205 0.39 37.6 7/8/20 12:15 0.23 0.44 39.7 
7/6/20 15:25 0.185 0.35 36.6 7/8/20 13:10 0.205 0.39 36.9 
7/6/20 15:35 0.18 0.34 36 7/8/20 13:30 0.275 0.52 37.3 
7/7/20 9:39 0.26 0.49 30.1 7/8/20 14:00 0.255 0.49 41.8 
7/7/20 10:00 0.18 0.34 32.1 7/8/20 14:15 0.24 0.46 41.6 
7/7/20 10:20 0.135 0.26 34.1 7/8/20 14:30 0.18 0.34 42.2 
7/7/20 10:30 0.155 0.29 34.4 7/8/20 14:45 0.215 0.41 42.9 
7/7/20 10:50 0.13 0.25 36.3 7/8/20 15:00 0.31 0.59 42.1 
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Table C.3: Cleanout #3 
Time H2S (ppm) Q (lpm) Temp (°C) 
2/28/20 10:40 0.002 3.42 9.2 
2/28/20 10:50 0.002 2.85 9.7 
2/28/20 11:00 0.010 3.23 12.3 
2/28/20 11:05 0.005 2.85 11.2 
2/28/20 11:15 0.032 3.04 13.1 
2/28/20 11:20 0.059 3.04 12.6 
2/28/20 11:30 0.031 3.04 14.3 
2/28/20 11:35 0.027 3.04 14.1 
2/28/20 11:40 0.023 2.95 14.3 
2/28/20 11:50 0.015 2.76 12.8 
2/28/20 12:00 0.010 2.76 9.3 
2/28/20 13:05 0.009 2.85 12.6 
2/28/20 13:10 0.009 2.85 12.9 
2/28/20 13:20 0.043 2.85 14.1 
2/28/20 13:30 0.035 2.85 13.7 
2/28/20 13:35 0.021 2.76 14 
2/28/20 13:45 0.017 2.66 14.2 
2/28/20 13:55 0.049 2.66 15.4 
2/28/20 14:05 0.050 2.66 16 
2/28/20 14:15 0.039 2.57 11.7 
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APPENDIX D: COVID-19 AND THE ETHANOL INDUSTRY 
D.1 COVID-19 Pandemic 
The COVID-19 pandemic began in the United States in early 2020. The pandemic 
caused the demand for hand sanitizers and alcohol-based disinfectants to increase beyond 
what current manufacturers could provide (Voegele, 2020). The FDA set temporary 
guidelines to allow for new manufacturers of disinfectants and hand sanitizers to enter the 
market. The guideline outlined impurity standards to produce alcohol-based disinfectants. 
Also during this time fuel prices were low resulting in the production of ethanol to 
become less economically viable (Goodwin, 2020). These conditions led to ethanol 
producers to transition into the production of alcohol-based disinfectants to meet the 
growing demand caused by the COVID-19 pandemic.  
An additional goal of this study was to further analyze the process streams 
obtained from the Nebraska ethanol plant for regulated impurities outlined in the FDA 
guidelines for alcohol-based disinfectants. Quantifying the concentration of impurities 
such as acetaldehyde, acetal, methanol, and propanol would help ethanol plants 
understand their process streams and make decisions on what type of treatment methods 
to use to remove these impurities from their streams. This data would also help plants 
understand the air emission implications of process changes. 
D.2 Ethanol Plant Hazardous Air Pollutants and Impurities 
There is a total of 201 ethanol plants in the United States (Ethanol Producer 
Magazine, 2020). Ninety percent of those are considered dry mill ethanol plants (Perkins, 
2020). Dry mill plants usually do not discharge water as all water used within the plant is 
a part of the ethanol and distiller’s grains, emitted as air emissions, or evaporated. 
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(Kwiatkowski, 2006). During the production of ethanol from the fermentation of corn, 
HAPs are generated and potentially emitted into the surrounding atmosphere (Brady, 
2007). The major gaseous HAPs that are produced from ethanol production are 
formaldehyde, acetaldehyde, and acrolein (Brady, 2007). The Environmental Protection 
Agency (EPA) regulates the quantity of HAPs released by each plant into the 
environment (USEPA, 2018). Emissions of HAPs from ethanol plants are measured in a 
tons/year basis and have specific limits set by the National Emission Standards for 
Hazardous Air Pollutants (NESHAP). Ethanol plants must treat HAPs to meet the 
standards set by NESHAP. Carbon dioxide (CO2) scrubbers and thermal oxidizers are 
used to treat these HAPs. Studies have been conducted on the implementation of a bio-
trickling filter to treat the HAPs generated in ethanol production. If bio-trickling filters 
can effectively treat formaldehyde, acetaldehyde, and acrolein there is a possibility that 
the odor control device could be implemented at an ethanol plant.  
In addition to meeting emission standards set by NESHAP, many ethanol 
facilities are seeking methods to reduce their greenhouse gas footprint to increase their 
market share and profitability. An example drive of this trend is California’s Low Carbon 
Fuel Standard (LCFS) carbon credit system that incentivizes creating low carbon 
intensity fuels. The LCFS is administered by the California Air Resources Board under 
the umbrella of the California Environmental Protection Agency. Ethanol producers can 
generate credits, which can be exchanged for monetary value, by reducing carbon dioxide 
emissions in production processes (Batres-Marquez, 2017). The addition of treatment 
processes to meet impurities standards for hand sanitizer may complicate the reduction of 
CO2 emissions.  
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D.2.1 Impurities in Ethanol and FDA Hand Sanitizer Limits 
Ethanol plants that are transitioning into the production of alcohol-based 
disinfectants may face problems meeting FDA standards for impurity limits. Several 
different byproducts of fermentation may be present at concentrations above the required 
FDA limits in hand sanitizers. There have been tests conducted on the final bioproduct 
(Habe, 2013) but few ethanol plants have tested for these compounds within their process 
streams. The concentration data on the byproducts presented in this paper will help 
ethanol plants personnel understand where treatment is necessary. There are several 
different methods for treating these compounds, but only by understanding the 
concentrations can the design process start. Some of these treatment processes may 
impact the air or water emissions and it is important to understand their impact.  
The FDA has strict limits on the impurity concentrations present in hand 
sanitizers but has set interim standards for the impurity limits. The interim impurity limits 
were introduced to help non-traditional manufacturers transition into production of hand 
sanitizers to meet the growing demand caused by the public health emergency. The 
interim standards were instituted January 31, 2020 with the declaration of the public 
health emergency by the Secretary of Health and Human Services (HHS). The interim 
standards will cease and revert to the traditional standards once the public health 
emergency is over as declared by the Secretary of HHS (FDA, 2020). Table D.1 shows 
the impurity limits for hand sanitizer under normal and interim conditions. 
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Table D.1: Standard and Interim Impurity Limits for Ethanol-Based Hand Sanitizers 
(FDA, 2020; USP, 2013) 
Impurity Standard (ppmw) Interim (ppmw) 
Methanol 200 630 
Benzene 2 2 
Acetaldehyde *10 50 
Acetal (1,1- diethoxyethane) *10 50 
Sum of all Impurities 300 300 
*Acetaldehyde and acetal limits combined under standard impurity limits 
 
Ethanol plants will need to meet the interim impurity standards and work towards 
meeting the standards under normal conditions. While meeting the pollutant standards for 
hand sanitizer production ethanol plants will still need to maintain emission standards for 
HAPs and CO2. Incorporation of treatment for impurities may have an impact on HAPs 
and CO2 emissions within the plant.  
D.2.2 Implications of Changes in Ethanol Plants Related to Hand Sanitizer 
Plants transitioning into the production of hand sanitizer will need to include new 
treatment methods to address impurities that are limited in hand sanitizer by the FDA. 
The application of treatment for the impurities may cause further generation of HAPs 
depending on the selected treatment process. The HAPs generated, if any, will need to be 
limited to meet plant standards for emissions, which are set by NESHAP. The standards 
for air emissions in Nebraska are 2.5 tons per year for a single HAP or 10 tons per year 
for total HAPs (Woolf, 2003). 
D.3 Process Stream Data 
Data from 15 different process streams were collected and analyzed from a 
Nebraska ethanol plant. Gas Chromatography/Mass Spectrometry (GC/MS) was used to 
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analyze the process streams for acetaldehyde, ethanol, propanol, and acetal concentration. 
The results of the analysis are presented in Table D.2. 
Table D.2: Process Stream Data 
Stream Name 
Acetaldehyde 
(ppmw) 
Ethanol 
(ppmw) 
Propanol 
(ppmw) 
Acetal 
(ppmw) 
13 Evaporated Water ND 290 190 ND 
15 Well Water ND 35 ND ND 
17 
CO2 Scrubber 
Water 19 40 ND 18 
ND = Under Detection Limit 
 
D.4 Summary 
The regulated impurities in alcohol-based disinfectants are methanol, benzene, 
acetaldehyde, and acetal. The process streams 13 and 15 were both under limits for 
acetaldehyde and acetal under both normal standards and interim standards. Stream 13 
had a high concentration of ethanol, 290 ppmw. Process stream 17 was over the normal 
standards for both acetaldehyde and acetal but was able to meet the interim standards for 
the two compounds. 
